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GFRa-Mediated Localization of RET to Lipid Rafts
Is Required for Effective Downstream Signaling,
Differentiation, and Neuronal Survival
Unlike other members of the TGFb superfamily, the
GFLs utilize a unique receptor system in which a com-
mon signaling component is used by multiple ligands
and an additional protein (coreceptor) binds ligand with
high affinity and provides specificity. The common sig-
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Department Internal Medicine naling component for the GFLs is the receptor tyrosine
kinase RET, which is widely expressed and is activatedWashington University School of Medicine
St. Louis, Missouri 63110 by GDNF, NRTN, or ARTN stimulation in multiple in vitro
paradigms (Durbec et al., 1996; Jing et al., 1996; Treanor
et al., 1996; Trupp et al., 1996; Worby et al., 1996; Cree-
don et al., 1997; Baloh et al., 1998b). Unlike most recep-Summary
tor tyrosine kinases, RET cannot bind its ligands directly
and requires a coreceptor (GFRa) to be activated by theThe GDNF family ligands (GFLs: GDNF, neurturin, per-
sephin, and artemin) signal through RET and a gly- GFLs (Jing et al., 1996; Treanor et al., 1996). GFRa1±
GFRa4 represent a novel family of glycosyl-phosphati-cosyl-phosphatidylinositol (GPI)-anchored coreceptor
(GFRa1±a4) that binds ligand with high affinity and dylinositol (GPI)-anchored proteins that bind GFLs with
high affinity. Extensive in vitro analysis of GFL±GFRaprovides specificity. The importance of the GPI anchor
is not fully understood; however, GPI-linked proteins interactions indicates that preferred ligand±coreceptor
pairs exist, but alternative ligand±coreceptor interactionscluster into lipid rafts, structures that may represent
highly specialized signaling organelles. Here, we re- may also occur (Jing et al., 1996, 1997; Treanor et al.,
1996; Baloh et al., 1997, 1998b; Buj-Bello et al., 1997;port that GPI-anchored GFRa1 recruits RET to lipid
rafts after GDNF stimulation and results in RET/Src Klein et al., 1997; Sanicola et al., 1997; Suvanto et al.,
1997; Enokido et al., 1998; Milbrandt et al., 1998).association. Disruption of RET localization using either
transmembrane-anchored or soluble GFRa1 results in A fundamental question regarding the GDNF family
receptor complex emergesÐwhat is the purpose of theRET phosphorylation, but GDNF-induced intracellular
signaling events are markedly attenuated as are neu- GPI anchor of the GFRa coreceptors? Most speculation
regarding the role of the GPI anchor of the GFRas hasronal differentiation and survival responses. There-
fore, proper membrane localization of RET via interac- centered on the possibility that it could be cleaved to
release soluble GFRa (sGFRa) from the cell surfacetion with a raft-localized, GPI-linked coreceptor is of
fundamental importance in GFL signaling. and may subsequently bind to a GFL and activate RET
on another cell in trans (Baloh et al., 1997; Trupp et
al., 1997; Yu et al., 1998). However, this is likely notIntroduction
the central purpose of the GPI moiety for most GPI-
anchored proteins. The GPI anchor is important for apicalNeurotrophic factors are a diverse set of peptide growth
versus basal sorting of membrane proteins in epithelialfactors that have important roles in the cell-to-cell com-
cells. GPI-anchored proteins are localized to detergent-munication required for orchestrating development and
insoluble sphingolipid and cholesterol-rich lipid micro-maintenance of the nervous system. Among the ex-
domains that exist as phase-separated ªraftsº in thepanding list of neurotrophic factors is the GDNF family
plasma membrane (Simons and Ikonen, 1997; Brownof ligands (GFLs), consisting of glial cell line±derived
and London, 1998). Since sphingolipids and cholesterolneurotrophic factor (GDNF; Lin et al., 1993), neurturin
in mammalian membranes are resistant to solubilization(NRTN; Kotzbauer et al., 1996), persephin (PSPN; Mil-
with nonionic detergents at 48C, lipid rafts can be iso-brandt et al., 1998), and artemin (ARTN; Baloh et al.,
lated as detergent-resistant membrane (DRM) fractions1998b). The GFLs support a broad spectrum of neuronal
(Brown and Rose, 1992). Moreover, because they arepopulations in the central nervous system (Lin et al.,
enriched in glycolipids, lipid rafts are highly buoyant and1993; Henderson et al., 1994; Oppenheim et al., 1995;
thus migrate to low-density fractions during buoyantBaloh et al., 1998b; Horger et al., 1998; Milbrandt et al.,
density centrifugation, unlike other detergent-insoluble1998). Furthermore, GDNF, NRTN, and ARTN support
complexes formed by the cytoskeleton (Brown and Lon-the survival of many peripheral neurons in culture and/
don, 1998). Given that GFRas are GPI-linked molecules,or in vivo, including sympathetic, parasympathetic, sen-
they are expected to localize to lipid rafts.sory, and enteric neurons (Buj-Bello et al., 1995; Ebendal
Lipid rafts are hypothesized to represent specializedet al., 1995; Trupp et al., 1995; Kotzbauer et al., 1996;
signaling organelles within the plasma membrane be-Baloh et al., 1998b; Cacalano et al., 1998; Heuckeroth et
cause of the enrichment of Src family kinases and otheral., 1998). Therefore, the GFLs are potential therapeutic
signaling proteins that localize to the intracellular leafletagents in the treatment of multiple neurodegenerative
of lipid rafts (Anderson, 1998). The best evidence fordiseases.
involvement of rafts in signaling comes from studies of
the IgE and T cell receptors (TCRs) in hematopoietic³ To whom correspondence should be addressed (e-mail: ejohnson@
cells (reviewed by Brown and London, 1998). TCR coen-pcg.wustl.edu and jeff@milbrandt.wustl.edu).
§ These authors contributed equally to this work. gagement with CD48, a T cell specific, GPI-linked pro-
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Figure 1. The GDNF Family Ligands Induce
RET/GFRa Association with Lipid Rafts
(A) Coimmunoprecipitation of RET with GFRa
coreceptors after stimulation with GFLs.
Neuro 2a cells either untransfected (RET) or
transfected with FLAG-tagged GFRa1 (RET/
GFRa1), GFRa2 (RET/GFRa2), or GFRa3
(RET/GFRa3) were treated with the preferred
ligand for each coreceptor. RET immuno-
blot analysis reveals that in the absence of
ligand, RET does not associate with any of the
GFRa coreceptors. However, treatment of
GFRa1-transfected cells with GDNF, GFRa2-
transfected cells with NRTN, and GFRa3-
transfected cells with ARTN results in coim-
munoprecipitation of RET with the respective
GFRa (n 5 3).
(B) RET becomes associated with detergent-
resistant membrane (DRM) fractions after
GDNF stimulation. NBL-S cells expressing
wild-type RET and GFRa1 were stimulated
with GDNF at 30 ng/ml for the indicated times.
Total cell lysates were fractionated into Tri-
ton-soluble (supernatant) and insoluble (pel-
let) components. The insoluble fraction (I) was
solubilized in SDS and brought to equal vol-
ume with the soluble fraction (S) prior to SDS-
PAGE/immunoblot analyses to allow direct
comparison between the two fractions. GDNF
induces translocation of the upper band of
the RET doublet from the (S) to the (I) fraction,
indicative of RET association with detergent-
insoluble lipid rafts (n 5 4).
(C) RET translocates to low-density fractions in flotation gradients after GDNF stimulation. Distribution of RET and marker proteins in OptiPrep
flotation gradients in control and GDNF-stimulated NBL-S cells. In unstimulated cells, RET is fully solubilized by detergent and fractionates
to the densest fraction (lane 7) indicated by the localization of the transferrin receptor (TrfR). RET is absent in low-density (raft-associated)
fractions where ganglioside GM1 fractionates (lane 1), but a significant portion of mature RET floats to this fraction after GDNF stimulation,
indicating association with lipid rafts (n 5 2).
tein that is enriched within lipid rafts (Stefanova et al., Results
1991; Cinek and Horejsi, 1992) contributes to early TCR
signaling by localizing TCRs to lipid rafts, wherein en- Formation of RET/GFRa Complex
Is Ligand Dependenthancement of lipid raft±dependent tyrosine phosphory-
lation of the TCRz chain occurs (Moran and Miceli, 1998). The stoichiometry of the multimeric RET/GFRa/GFL
complex is likely to be (GDNF)1(GFRa)2(RET)2 (Jing et al.,Given these data from other systems, we tested the
hypothesis that the GPI anchor of GFRa1 functions to 1996; Eigenbrot and Gerber, 1997). However, little is
known about how the complex forms. To determinelocalize RET to lipid rafts, wherein interactions with raft-
associated intracellular signaling molecules occur that whether RET is preassociated with GFRas prior to ligand
stimulation or whether RET and GFRas associate onlymay enhance RET signaling.
To investigate the importance of the GPI anchor of in the presence of ligand, we transfected FLAG-tagged
GFRa1±GFRa3 individually into the RET-expressing mu-GFRa coreceptors in RET signaling, we determined (1)
whether GFRa1 localizes RET to lipid rafts in response rine neuroblastoma cell line, Neuro 2a. The cells were
then stimulated with the preferred GFL for each RET/to stimulation with GDNF and (2) whether disruption of
RET localization affects GDNF-mediated downstream GFRa pair (GDNF-GFRa1, NRTN-GFRa2, ARTN-GFRa3).
Immunoprecipitation of tagged GFRas with an anti-signaling and bioactivity. We found that RET associates
with lipid rafts via interaction with GFRa1 in a ligand- FLAG antibody followed by immunoblot analysis with
an anti-RET antibody demonstrated that RET only coim-dependent manner. Proximal RET signaling events such
as receptor complex formation and RET phosphoryla- munoprecipitates with GFRas after ligand stimulation
(Figure 1A). The minor amount of RET that immuno-tion are unaffected when RET is not recruited to lipid
rafts. However, mislocalization of activated RET results preciptated with the FLAG-agarose antibody in non-
transfected Neuro 2a cells (RET only) represents back-in loss of interaction with Src kinases and leads to mark-
edly diminished activation of Akt and MAP kinases. ground levels similar to that detected in the absence of
GFL stimulation in cells transfected with FLAG-taggedFunctionally, RET mislocalization results in severe atten-
uation of neuronal differentiation and survival responses GFRa1±GFRa3. Therefore, these data suggest that RET
and GFRa coreceptors are not preassociated in vivoto GDNF. These data indicate that RET localization to
lipid rafts by the GPI-anchored GFRa coreceptors is in the absence of ligand but become associated after
formation of GFL/GFRa complexes.critical for efficient RET signaling by the GFLs.
GFLs Signal via RET Localization to Lipid Rafts
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Figure 2. Disruption of RET/GFRa1 Localiza-
tion to Lipid Rafts with Transmembrane-
Anchored GFRa1 Severely Attenuates Distal
but Not Proximal RET Signaling
(A) RET becomes detergent-insoluble after
stimulation with GDNF when activated by
GPI-anchored GFRa1 (RET/GFRa1) but not
when activated by transmembrane-anchored
GFRa1 (RET/GFRa1-TM). Triton X-100 insol-
ubility experiments and SDS-PAGE analyses
on transfected Neuro 2a cells reveal that
GFRa1 and GFRa1-TM are expressed at
equal levels, but each localizes to a different
fraction according to its membrane anchor
(bottom panel). Only the GPI-anchored GFRa1
fractionates as a detergent-insoluble (I) pro-
tein and is able to recruit RET to this fraction
in the presence of GDNF (top panel). GFRa1-
TM does not display detergent insolubility
and cannot recruit RET to the detergent-
insoluble (I)/ lipid raft membrane fraction after
stimulation with GDNF (n 5 4).
(B) Transmembrane-associated GFRa1
(GFRa1-TM) does not disrupt receptor com-
plex formation or RET tyrosine phosphoryla-
tion but results in attenuated activation of the
MAP kinase and Akt pathways by GDNF.
Transfected Neuro 2a cells were stimulated
with 30 ng/ml GDNF and harvested in coim-
munoprecipitation buffer. Association of RET
with GFRa1 was detected by immunoprecipi-
tation with an anti-FLAG antibody and immunoblotting with an anti-RET antibody. RET phosphorylation quantified by densitometry analysis
(n 5 4) indicates comparable levels of GDNF-induced RET phosphorylation (fold induction) in RET/GFRa1 and RET/GFRa1-TM lysates. GFRa1-
TM does not interfere with the magnitude or the kinetics of receptor complex formation or RET phosphorylation; however, it does mediate
attenuated phosphorylation of MAP kinases and Akt compared to RET/GFRa1 cells (n 5 4).
RET Becomes Associated with Detergent-Resistant the transferrin receptor (TrfR; Smart et al., 1995), which
was also detected in this fraction (Figure 1C). However,Membranes and Translocates to Low-Density
Fractions in Flotation Gradients stimulation with GDNF resulted in movement of a signifi-
cant amount of mature RET to the top (fraction 1) of theafter Ligand Stimulation
Insolubility in cold nonionic detergents and flotation on flotation gradient, confirming its association with low-
density lipids and consistent with ligand-dependent re-density gradients are the standard criteria for identifica-
tion of lipid raft±associated proteins (Hooper, 1997). To cruitment of RET to lipid rafts. Both the low-density
membrane (lipid raft) marker ganglioside GM1 and theinitially examine RET association with lipid rafts in re-
sponse to GFL stimulation, we isolated Triton X-100± soluble fraction marker (TrfR) were present in the ex-
pected fractions of the flotation gradient (Smart et al.,soluble and ±insoluble membrane fractions from a hu-
man neuroblastoma cell line (NBL-S) that expresses 1995). Therefore, these data indicate that GDNF induces
RET translocation to lipid rafts, presumably via complexwild-type RET and GFRa1±GFRa3 (data not shown) and
analyzed them by SDS-PAGE for RET immunoreactivity formation of RET with GFRa coreceptors that constitu-
(Figure 1B). In the absence of GDNF, RET was present tively localize to rafts via their GPI anchor.
in the soluble membrane fraction of the lysate and was
not detected in the insoluble (raft-associated) fraction.
Disruption of RET Localization to Lipid RaftsWithin minutes of stimulation with GDNF, a significant
Attenuates Distal but Not Proximalamount of the mature cell-surface form of RET (the 170
Signaling EventskDa band; Iwamoto et al., 1993) moved to the insoluble
To determine the functional importance of ligand-fraction, consistent with ligand-dependent RET/GFRa
induced RET localization to lipid rafts, we disruptedassociation (Figure 1A) and GDNF-induced transloca-
GFRa1 localization/RET recruitment to lipid rafts usingtion of RET to lipid rafts.
a transmembrane-anchored version of GFRa1 (GFRa1-To confirm that RET insolubility was the result of asso-
TM). This construct lacks a GPI anchor and consists ofciation with lipid rafts, we examined the subcellular lo-
GFRa1 fused to the transmembrane and cytoplasmiccalization of RET in NBL-S cells, using flotation gradients
domains of HLA-B44 (Hansbrough et al., 1991). There-to separate detergent-insoluble, low-density membranes
fore, (unlike wild-type GFRa1) GFRa1-TM is not ex-(raft-associated proteins) from fully soluble, high-den-
pected to localize to lipid rafts. Immunoblot analysis ofsity membranes (nonraft-associated proteins) and cy-
detergent-soluble and -insoluble membrane fractionstoskeletal proteins. In the absence of GDNF stimulation,
with an anti-FLAG antibody revealed that GFRa1 local-RET remains in the bottom (fraction 7) of the flotation
ized to the detergent-insoluble membrane fraction,gradient, indicating full solubilization by detergent, a
characteristic of nonraft-associated proteins such as whereas GFRa1-TM localized to the soluble fraction,
Neuron
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(Figure 2B, top). Accordingly, the levels of GDNF-
induced RET phosphorylation (quantified by immu-
noblot densitometry) in lysates from cells expressing
RET/GFRa1-TM and RET/GFRa1 were very similar (Fig-
ure 2B, second panel). Therefore, activation of RET by
transmembrane-anchored GFRa1 did not interfere with
proximal RET signaling events. To determine whether
pathways downstream of RET phosphorylation were
activated comparably by GFRa1 or GFRa1-TM, we ex-
amined the phosphorylation of Akt and MAP kinases.
Western analyses revealed that cells expressing RET/
GFRa1-TM responded to GDNF with a much less robust
activation of Akt phosphorylation (z10-fold less maxi-
mum phosphorylation as determined by densitometry
analysis) and MAPK phosphorylation (z4-fold less)
compared to RET/GFRa1-expressing cells (Figure 2B,
third and fourth panels). Therefore, while GFRa1-TM
functioned comparably to wild-type GFRa1 in mediating
receptor complex formation and RET tyrosine phos-
phorylation, GFRa1-TM cannot recruit RET to lipid rafts
and led to markedly attenuated activation of Akt and
MAP kinases compared to cells expressing wild-type
GFRa1. These data suggest that RET localization to
lipid rafts may be a critical determinant of RET signaling
efficiency.
Mislocalization of RET Results in Attenuated
GDNF-Induced Differentiation and Decreased
Neuronal SurvivalFigure 3. Mislocalization of RET/GFRa1 Results in Attenuated
GDNF-Induced Neuroblastoma Differentiation To determine whether attenuated activation of down-
(A) GDNF-induced neurite outgrowth in Neuro 2a cells transfected stream signaling pathways by mislocalized RET affects
with wild-type (GPI-anchored) GFRa1 and EGFP. EGFP was in- the outcome of RET-mediated biological responses, we
cluded to mark transfected cells and to allow visualization of neurites assessed the ability of the GFRa1-TM and wild-type
in GDNF-differentiated cells. RET/GFRa1-expressing cells display
GFRa1 coreceptors to mediate GDNF-induced differen-prominent neuritic processes after a 3 day treatment with GDNF.
tiation of Neuro 2a cells. Cells were transfected withB) Quantification of neurite-bearing cells in Neuro 2a cells trans-
enhanced green fluorescent protein (EGFP) alone or co-fected with GFRa1 or GFRa1-TM. Cultures of RET/GFRa1-express-
ing cells display a greater increase in the number of neurite-bearing transfected with EGFP and either GFRa1 or GFRa1-TM.
cells after incubation with GDNF at the indicated concentrations EGFP was included to allow identification of transfected
compared to that in RET/GFRa1-TM cells, indicating RET mislocal-
cells and visualization of neurites in GDNF-differentiatedization results in attenuated GDNF-induced differentiation. The
cells (Figure 3A). Quantification of neurite-bearing cellsmean and SEM are shown from three independent experiments in
revealed that raft-associated GFRa1 coreceptor sup-which each condition was performed in triplicate.
ported a GDNF dose-dependent 6- to 10-fold increase
in the number of cells with neurites with an estimated
EC50 of z0.5 ng/ml (Figure 3B). In contrast, GFRa1-TMindependent of stimulation with GFLs and consistent
(which fully activates RET tyrosine phosphorylation butwith their membrane anchorage (Figure 2A, bottom).
is unable to recruit RET to lipid rafts; see Figures 2AAccordingly, only GFRa1 recruited RET into the Triton
and 2B) yielded a maximal 2- to 3-fold increase in theX-100±insoluble membrane fraction after GDNF stimula-
number of differentiated cells at high GDNF concentra-tion whereas GFRa1-TM did not (Figure 2A, top). These
tions only (EC50 . 30 ng/ml) (Figure 3B). Concentrationsdata indicate that the GPI anchorage of the GFRa1 core-
of GDNF $ 100 ng/ml did not increase the number ofceptor is necessary to recruit RET to detergent-insoluble
differentiated cells any further (data not shown). There-lipid rafts in response to GDNF stimulation.
fore, these data indicate that the inability to recruit RETTo determine the functional relevance of RET localiza-
to lipid rafts results in attenuated signaling downstreamtion to lipid rafts, we examined the ability of GFRa1-TM
of RET and ultimately in significantly less GDNF-inducedto mediate both proximal (receptor-complex formation
neuroblastoma differentiation.and RET tyrosine phosphorylation) and distal RET sig-
The effect of RET mislocalization on a second RET-naling events (Akt and p42/p44 MAP kinase phosphory-
mediated function, maintaining neuronal survival, waslation) in Neuro 2a cells. Transmembrane anchorage of
investigated in cerebellar granule cells (CGC) in culture,GFRa1 did not interfere with the magnitude or kinetics of
which do not express RET or GFRa coreceptors andGDNF-stimulated RET/GFRa1 complex formation, since
can be transfected with defined receptor components.comparable levels of RET coimmunoprecipitated with
FLAG-tagged GFRa1 in response to GDNF stimulation Granule cells were transiently cotransfected with EGFP,
GFLs Signal via RET Localization to Lipid Rafts
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Figure 4. Mislocalization of RET/GFRa1 Re-
sults in Decreased Neuronal Survival
(A) Immunofluorescence analysis of cerebel-
lar granule cells (CGC) cotransfected with
EGFP and RET/GFRa1 or RET/GFRa1-TM re-
veals equal cell-surface expression of FLAG-
tagged coreceptors in nonpermeabilized cer-
ebellar granule cells. Nuclei of granule cells
were visualized with bisbenzimide. Photo-
graphs were taken 3 days after transfection.
(B) GFRa1/RET coexpression mediates effi-
cient GDNF-induced survival in low-potas-
sium medium without serum (K5 2 S), compa-
rable to that obtained with high-potassium
medium plus serum (K25 1 S). About 90% of
granule cells survive in (K25 1 S); transfer to
(K5 2 S) causes them to undergo apoptosis.
GDNF does not promote survival in cells
transfected with RET alone, or either GFRa1
or GFRa1-TM alone. RET mislocalization by
GFRa1-TM results in significantly decreased
GDNF-mediated survival in (K5 2 S), even at
high concentrations of GDNF (30 ng/ml). Data
are presented as the number of transfected
cells remaining in the field as a percentage
of the original number. The mean and SEM
are shown (n 5 4). Similar results were ob-
tained in at least four independent experi-
ments.
RET, and either FLAG-tagged GFRa1 or GFRa1-TM. Im- efficient GDNF-mediated neuronal survival requires re-
cruitment of RET to lipid rafts by GPI-anchored GFRa1.munohistochemical analysis revealed that both FLAG-
tagged GFRa1 coreceptors were expressed at compa-
rable levels in EGFP-positive cells and localized to the Activation of RET in trans by Soluble GFRa1
also Results in Inefficient RET Signalingplasma membrane (Figure 4A). CGC require high-potas-
sium (25 mM) plus serum (K25 1 S) to survive in vitro, However, since sGFRa is not able to localize RET to
lipid rafts, we investigated the efficacy of RET signalingand they undergo apoptosis in low-potassium (5 mM)
medium without serum (K5 2 S) (D'Mello et al., 1993). mediated by a sGFRa1-Fc receptor fusion protein in
trans using both the neuroblastoma differentiation andAs expected, granule cells transfected with either RET,
GFRa1, or GFRa1-TM alone did not survive in the pres- cerebellar granule cell survival models. Stimulation of
RET-expressing Neuro 2a cells with sGFRa1-Fc (0.1 mg/ence of (K5 2 S) plus GDNF (Figure 4B), consistent
with the requirement for both GFRa1 and RET in the ml or 1.0 mg/ml plus 30 ng/ml GDNF) resulted in RET
tyrosine phosphorylation levels comparable to that information of a functional GDNF receptor (Jing et al.,
1996; Treanor et al., 1996; Creedon et al., 1997). How- cells coexpressing RET and GPI-anchored GFRa1 in
cis, as determined by densitometry analyses (Figure 5A,ever, in granule cells transfected with both RET and
GFRa1, GDNF-mediated survival (at 30 ng/ml) in (K5 2 top). However, activation of RET by GFRa1 in cis at 30
ng/ml GDNF yielded significant increases in both AktS) was comparable (80%±90%) to that observed when
cells were grown in (K25 1 S) (Figure 4B). Lower concen- and MAP kinase phosphorylation (Figure 5A, middle and
bottom), whereas activation of RET in trans by sGFRa1-trations of GDNF (3 ng/ml) were also able to support
survival, albeit at a lower level (30%). Consistent with Fc resulted in attenuated phosphorylation of MAP ki-
nases (20% of the maximal phosphorylation observedresults obtained in the neuroblastoma differentiation
assay, granule cells transfected with RET and GFRa1- with RET/GPI-anchored GFRa1) and no detectable in-
crease in Akt phosphorylation over basal levels (FigureTM displayed diminished survival responses to GDNF
(5% at 3 ng/ml and 23% at 30 ng/ml) when compared to 5A). Lower GDNF concentrations (3±10 ng/ml) required
very high concentrations of sGFRa1 (3±10 mg/ml) to de-cells expressing RET/GFRa1 (30% or 80%, respectively)
(Figure 4B). Higher concentrations of GDNF (100 ng/ml) tect increases in either MAPK or Akt activation (data not
shown). Identical results were obtained with monomericdid not promote greater than 25%±30% survival in RET/
GFRa1-TM-expressing cells (data not shown). These sGFRa1 generated by PI-PLC digestion of neuro-
blastoma cells expressing wild-type GFRas (data notdata suggest that, as with neuroblastoma differentiation,
Neuron
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Figure 5. Activation of RET Phosphorylation
in trans by Soluble GFRa1 Leads to Inefficient
Signaling and Markedly Decreased Neuronal
Differentiation and Survival
(A) The magnitude and kinetics of activation
of proximal RET signaling in trans by soluble
dimeric GFRa1-Fc fusion proteins are com-
parable to that mediated by GPI-anchored
GFRa1 in cis, but distal downstream signaling
pathways are attenuated. Transfected (vector
alone or GFRa1) Neuro 2a cells were stimu-
lated with GDNF and the indicated concentra-
tions of sGFRa1-Fc and harvested for analysis
of RET, Akt, and MAP kinase phosphorylation.
Comparable kinetics and magnitude of RET
phosphorylation (fold induction) was measured
in cells expressing RET/GFRa1 in cis and in
RET-only cells activated in trans by sGFRa1/
GDNF. In contrast, cis activation of RET re-
sults in greater MAPK and Akt phosphoryla-
tion compared to activation of RET in trans.
(B) Activation of RET in trans by sGFRa1-Fc
receptor does not result in significant levels
of GDNF-induced Neuro 2a differentiation
compared to that obtained in cells coex-
pressing RET and GFRa1, which can recruit
RET to lipid rafts. After a 3 day treatment
with 30 ng/ml GDNF, the number of neurite-
bearing cells in cultures of cells expressing
RET/GFRa1 is significantly greater than that
in cultures of RET-expressing cells activated
by sGFRa1. The mean and SEM are shown
from two independent experiments in which
each condition was performed in triplicate.
(C) GDNF-induced neuronal survival is severely compromised when sGFRa1 is used to activate RET in trans. Cerebellar granule cells were
transfected with RET alone or with RET and GFRa1. Only activation of RET in cis by the lipid raft±associated GFRa1 maintains neuronal
survival in GDNF-supplemented (K5 2 S) at levels (80%±85%) comparable to that in high-potassium medium plus serum (K25 1 S). The best
survival response (22%) elicited by trans activation of RET requires high concentrations of sGFRa1-Fc and GDNF. The mean and SEM are
shown (n 5 4).
shown). Therefore, while receptor phosphorylation was 5C). Therefore, despite the finding that RET phosphory-
lation was comparably activated by sGFRa1 or GFRa1activated to comparable extents by sGFRa1 in trans
coexpressed in cis, the GPI-anchored GFRa1 yieldedand GPI-anchored GFRa1 in cis, distal signaling path-
much more efficient activation of downstream signalingways were much less efficiently activated by GDNF
pathways (compared to sGFRa1) and significantly en-when RET was activated in trans by soluble GFRa1,
hanced neuronal differentiation and survival responseswhich is unable to localize RET to lipid rafts.
to GDNF, presumably because it is able to localize RETFurthermore, as shown for transmembrane-anchored
to lipid rafts.GFRa1-TM (which is also unable to recruit RET to rafts),
GDNF-induced Neuro 2a differentiation evoked by
sGFRa1 is markedly diminished (Figure 5B). Specifically, Localization of RET to Lipid Rafts Enhances
activation of RET in cis by GFRa1/GDNF complexes Its Association with Src Family Kinases
induced a dose-dependent 10-fold increase in the num- Only GPI-anchored GFRa1 but not soluble or transmem-
ber of neurite-bearing cells compared to only 2- and brane-anchored GFRa1 localized RET to lipid rafts in
3-fold increases induced by GDNF and sGFRa1 (0.1 mg/ response to GDNF stimulation (Figure 1B, 1C, and 2A).
ml and 1.0 mg/ml sGFRa1-Fc, respectively) (Figure 5B). Therefore, we reasoned that the enhanced signaling ob-
Similarly, GDNF-dependent granule cell survival was se- served after RET activation by GPI-anchored GFRa1
verely compromised in RET-transfected cells when (Figure 2B) might be attributable to enhancement of
sGFRa1 was used to activate RET in trans compared direct protein±protein interactions of RET with raft-asso-
to the differentiation and survival responses elicited by ciated signaling proteins. Given that Src family kinases
GDNF in cells transfected with RET and GFRa1 (Figure are enriched in lipid rafts (Simons and Ikonen, 1997) and
5C). The best survival response (22%) elicited by trans that Src has been implicated in RET-mediated mitogenic
activation of RET required 1.0 mg/ml of sGFRa1 and 30 activity (Melillo et al., 1999), we investigated whether
ng/ml of GDNF, whereas lower concentrations of ligand association of RET with Src kinases was dependent
were ineffective at supporting cell survival. In contrast, upon RET localization to lipid rafts in the Neuro 2a trans-
GDNF activation of cis-expressed GFRa1/RET was sig- fection model. RET was immunoprecipitated from ly-
nificantly more effective at maintaining neuronal survival sates of control or GDNF-stimulated cells transfected
with GFRa1 or GFRa1-TM, and RET immune complexes(30% at 3 ng/nl GDNF or 82% at 30 ng/ml GDNF) (Figure
GFLs Signal via RET Localization to Lipid Rafts
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Figure 6. GDNF Induces Association of En-
dogenous Src Family Kinases with RET in
Cells Coexpressing GPI-Anchored GFRa1
and RET
(A) Coimmunoprecipitation of Src with acti-
vated RET is dependent on recruitment of
RET to lipid rafts. Neuro 2a cells transfected
with vector alone or with GFRa1 or GFRa1-
TM were stimulated with GDNF and RET im-
mune complexes were analyzed for the pres-
ence of Src family kinases with a pan-Src
antibody (top panel). Significant association
of Src family kinase with RET is clearly de-
tectable in the presence of GDNF under con-
ditions in which RET is recruited to lipid rafts
(i.e., in RET/GFRa1). Minimal amounts of Src
kinases are detected in RET immunoprecip-
itates from RET/GFRa1-TM cells upon longer
exposure of blots to film. RET immunoblot
analysis confirms that comparable amounts
of RET were immunoprecipitated from all cell
lysates (second panel). Results shown are
representative of two independent experi-
ments.
(B) GFRa1-TM does not block formation of Src docking sites on RET. Far Western analysis of RET immunoprecipitates resolved on SDS-
PAGE and probed with a biotinylated Src-SH2 domain protein revealed that RET from GDNF-stimulated lysates contained the necessary Src
docking sites to bind the Src probe regardless of the GFRa1 construct used to activate RET. Therefore, GFRa1-TM does not hinder proper
cross-phosphorylation of the RET dimers and formation of Src docking sites.
(C) Binding of exogenous Src probe to RET in lysates of GDNF-stimulated RET/GFRa1 and RET/GFRa1-TM cells. Biotinylated Src-SH2 domain
fusion protein was added to lysates under conditions in which RET is in a complex with the GFRa1 coreceptors. Immunoprecipitation of the
Src probe with a biotin antibody revealed coprecipitation of mature RET in both RET/GFRa1 and RET/GFRa1-TM cells after stimulation with
GDNF. This result rules out the possibility that GFRa1-TM sterically hinders the docking of Src to the cytoplasmic tail of RET.
were subjected to immunoblot analyses with a pan-Src GFRa1-TM cells in Figure 6A was most likely due to lack
of localization of the receptor complex to lipid rafts (whereantibody. Association between RET and Src family ki-
nases was readily detectable after stimulation with Src kinases are enriched). These findings indicate that
proper RET localization is important for in vivo protein±GDNF in RET/GFRa1 cells (Figure 6A, top), in which RET
was recruited to lipid rafts (Figure 2A). In contrast, only protein interactions between RET and Src family kinases
(and possibly other lipid raft±enriched proteins), which area minimal amount of Src immunoreactivity could be de-
tected in lysates from RET/GFRa1-TM cells upon long likely to contribute to the efficacy of GFL signaling.
exposure of the immunoblots to film. Immunoblot analy-
sis with a RET antibody confirmed that comparable
amounts of RET were immunoprecipitated from all the Disruption of Lipid Raft Integrity Attenuates RET
but Not TrkA Signalinglysates (Figure 6A, bottom). We excluded the possibility
that the lack of binding of endogenous Src family ki- Cholesterol is an essential structural component of lipid
rafts (reviewed by Varma and Mayor, 1998; Jacobsonnases to RET in cells expressing GFRa1-TM (Figure 6A)
arose from either (1) the lack of Src docking sites on and Dietrich, 1999). Methyl-b-cyclodextrin (MCD), a cho-
lesterol-binding agent, extracts plasma membrane cho-RET resulting from improper cross-phosphorylation of
the RET dimers or (2) the lack of access to Src docking lesterol, disperses lipid rafts, and inhibits signaling from
receptor complexes that contain GPI-linked compo-sites on RET due to hindrance introduced by the 27
amino acid cytoplasmic domain of the transmembrane- nents (Yancey et al., 1996; Xavier et al., 1998; Bruckner
et al., 1999). Given the data presented above, whichanchored GFRa1-TM. The presence of Src docking sites
on phosphorylated RET immunoprecipitated from cells indicated that RET localization to lipid rafts serves to
enhance the efficiency of signaling downstream of RET,expressing either GPI-anchored or TM-anchored GFRa1
was confirmed by far Western blot analyses with a bio- we examined whether disruption of lipid rafts caused
by cholesterol depletion would specifically affect GFL/tinylated Src-SH2 domain probe. We found that this
probe bound specifically to the mature RET band re- RET-mediated signaling. NBL-S cells were treated with
MCD prior to stimulation with either GDNF or NGF, whichsolved on SDS-PAGE from lysates of GDNF-stimulated
cells regardless of the GFRa1 construct used to activate binds TrkA directly and does not require a GPI-linked
coreceptor (reviewed by Bothwell, 1995). Cells treatedRET (Figure 6B), indicating that GFRa1-TM does not
prevent formation of Src docking sites on RET. Also, we in this way remained viable, as determined by trypan
blue exclusion (data not shown). Cholesterol-depletedconfirmed that the biotinylated Src-SH2 probe could
also bind to RET under conditions in which RET is in a cells (1MCD) displayed attenuated phosphorylation of
MAP kinases (z70% decrease) and Akt (80±90% de-complex with GFRa1-TM (Figure 6C). Therefore, given
that GFRa1-TM did not hinder formation or access to crease) in response to GDNF stimulation compared to
cells not treated with MCD in which the lipid raft struc-Src docking sites, the lack of detectable RET association
with endogenous Src family kinases in lysates of RET/ ture was intact (Figure 7). In contrast, MCD treatment
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Figure 7. Lipid Raft Integrity is a Critical Component of RET/GFL Signal Transduction
Disruption of lipid raft integrity by removal of plasma membrane cholesterol attenuates RET but not TrkA signaling. NBL-S neuroblastoma
cells were treated with methyl-b-cyclodextrin (MCD) to remove cholesterol from the plasma membrane and disperse lipid rafts. Both GDNF
and NGF induce robust phosphorylation of MAP kinase and Akt in control (2MCD) cells. Cholesterol-depleted cells (1MCD) display attenuated
signaling in response to GDNF, whereas response to NGF remains unchanged. Immunoblot analysis confirms that neither RET nor TrkA are
lost from the cells after treatment with MCD (lower two panels). Similar results were obtained in three independent experiments.
had no effect on NGF-induced Akt or MAP kinase phos- Potential Mechanisms of Lipid Raft±Induced
Signaling Enhancementphorylation. Immunoblot analysis with RET and TrkA
antibodies confirmed that neither RET nor TrkA had One potential explanation for the attenuated distal sig-
naling from mislocalized RET is the loss of importantbeen lost from the cells after treatment with MCD (Figure
7, bottom). In brief, loss of raft integrity resulted in dimin- protein±protein interactions between RET and lipid raft±
associated signaling proteins. A variety of signaling mol-ished activation of distal signaling pathways by GDNF,
suggesting an important role of lipid rafts in RET signal- ecules are concentrated in lipid raft domains (Simons
and Ikonen, 1997; Brown and London, 1998), includinging in agreement with experimental data from the various
RET localization experiments above (Figures 2, 5, and 6). phosphatidyl-inositol kinases (Hope and Pike, 1996; An-
derson, 1988), Src family kinases, heterotrimeric and
small G proteins, as well as molecules involved in Ca21Discussion
influx (Simons and Ikonen, 1997). Src family kinases
have been shown to be involved in enhancement ofThe receptor system of the GDNF family ligands is
signaling via associations with transmembrane partnersuniqueÐthey are the only members of the TGFb super-
of raft-associated GPI-linked receptors in hematopoi-family known to signal through a receptor tyrosine ki-
etic cells (reviewed by Brown and London, 1998), includ-nase (RTK) rather than a serine-threonine kinase and one
ing the urokinase-type plasminogen activator receptorof the few described systems in which a RTK requires a
(uPAR) in monocytes (Bohuslav et al., 1995) and the IgGcoreceptor to be activated by ligand. We examined the
receptor in neutrophils (Green et al., 1997). Analogously,functional importance of the GPI anchorage of the
our data indicate that the recruitment of RET to lipidGFRa1 coreceptor in mediating GDNF/RET signaling
rafts by GPI-anchored GFRa1/GDNF complexes facili-and bioactivity and have found that an important func-
tates RET interaction with Src family kinases in vivo,tion of GPI-anchored coreceptors is to recruit RET to
since RET mislocalization results in a virtually completelipid rafts in response to activation by GFLs (shown
loss of association between Src kinases and RET (Figureschematically in Figure 8A). This RET translocation en-
6). Interestingly, a mutant PDGF receptor chimera, whichhances interaction of activated RET with signaling pro-
cannot stably associate with and activate Src familyteins localized to lipid rafts; we present data demon-
kinases (e.g., Src, fyn, yes), is compromised in its abilitystrating that one such interaction is with Src family
to catalyze tyrosine phosphorylation of other receptor-kinases. Furthermore, RET localization to lipid rafts ap-
associated signaling molecules (including PLCg, Ras,pears critical for effective downstream RET signaling,
and Shc) and yields submaximal activation of MAPKsas disturbing the GDNF-induced raft translocation of
in response to ligand (DeMali and Kazlauskas, 1998).RET by either transmembrane-anchored or sGFRa1 re-
Therefore, we speculate that one explanation for thesulted in marked attenuation of downstream kinase ac-
submaximal GDNF activation of Akt and MAP kinasestivity (including Akt and MAP kinases) as well as dimin-
resulting from RET mislocalization (Figures 2 and 5) orished differentiation and survival responses to GDNF. In
lipid raft disruption (Figure 7) might be attributed to thecontrast, proximal events such as receptor complex for-
lack of significant association between RET and Srcmation and receptor phosphorylation were unaffected
kinases (which are enriched in lipid rafts) and potentiallyby these perturbations. This is shown schematically in
Figure 8B. other critical adaptor proteins like Ras, PI3-Kinase,
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Figure 8. Schematic Diagram of RET Local-
ization as Determined by cis Versus trans RET
Activation by GFRa Coreceptors
(A) RET recruitment to lipid rafts by cis-
expressed GFRa coreceptors in response to
stimulation with GDNF family ligands (GFLs).
As viewed from above the plane of the plasma
membrane, GPI-anchored GFRa coreceptors
are constituitively associated with lipid rafts.
In the absence of ligand, RET is localized to
nonraft lipid domains on the plasma mem-
brane, consistent with the lack of preassocia-
tion of RET and GFRa coreceptors in unstim-
ulated cells. Upon ligand binding to GFRa
coreceptors, RET is recruited to lipid rafts via
formation of RET/GFRa/GFL complexes.
(B) RET activation can occur in cis by GPI-
anchored GFRa coreceptors or in trans either
by GFRa coreceptors expressed on an adja-
cent cell or by sGFRa coreceptors. Only cis
activation results in RET translocation to lipid
rafts, where RET is able to interact with
raft-associated proteins. Activation of RET
in trans by transmembrane-anchored or
sGFRa1 does not result in RET localization
to lipid rafts and thus precludes interactions
with raft-associated proteins. While raft asso-
ciation of RET is not necessary for proximal
signaling events, it allows interactions with
signaling proteins enriched in lipid rafts (i.e.,
Src kinases), results in efficient activation of
distal signaling pathways, and significantly
enhances GFL-induced neuronal differentia-
tion and survival.
and Shc that are likely to mediate signaling downstream 1998b). The importance of these and other examples
is that the GFRa receptors expressed in trans are notof RET.
necessary to activate RET since the responding cell also
expresses GFRa receptors in cis with RET.cis Versus trans Activation of RET
Initial studies of the expression pattern of RET and Our data support a model in which activation of RET
in cis by the coexpressed GPI-anchored GFRa1 is aGFRa1±a2 in the CNS identified several sites where the
coreceptors are expressed without RET (Trupp et al., significantly more efficient mechanism for eliciting acti-
vation of signaling pathways downstream of RET and1997; Golden et al., 1998). Furthermore, in the peripheral
nervous system, Schwann cells express GDNF, NRTN, RET bioactivity (i.e., differentiation and survival) com-
pared to trans activation of RET by sGFRa coreceptors.ARTN, and GFRa1±GFRa3, but not RET (Treanor et al.,
1996; Naveilhan et al., 1997; Baloh et al., 1998a, 1998b). It is not surprising that activation of RET in trans by
sGFRa occurs when high amounts of ligand and core-Given this dissociation in the expression patterns of the
receptor components and the observation that soluble ceptor are used in cell culture paradigms. These findings
are consistent with results obtained by others usingcoreceptors together with GDNF can activate RET in
vitro, several groups hypothesized that GPI-anchored sGFRa2-Fc (10 mg/ml) to reconstitute NRTN-induced
RET phosphorylation and motor neuron survival at satu-coreceptors expressed on one cell might activate RET
expressed on an adjacent cell or might be cleaved by rating amounts of ligand after removal of native GPI-
anchored GFRas with PI-PLC (Klein et al., 1997). There-a phospholipase to a soluble form, bind a GFL, and
activate RET on a distant cell (Baloh et al., 1997; Trupp fore, we speculate that trans activation of RET by GFL/
GFRa complexes is not a primary mechanism in vivoet al., 1997; Yu et al., 1998). An important caveat regard-
ing the existence of trans signaling in vivo is that in most for transduction of RET bioactivity in terms of neuronal
differentiation or survival, given the inefficient activationcases examined thus far, a GFRa is actually expressed
together with RET in cis (i.e., sensory and motor neurons) of downstream signaling pathways and weak functional
responses elicited by it.as well as on a neighboring cell (i.e., Schwann cells)
(Naveilhan et al., 1997; Trupp et al., 1997; Baloh et al., If trans activation of RET is so inefficient, what is the
Neuron
620
grown on 6 cm tissue culture plates were lysed on ice with 1 ml ofpurpose of trans-expressed coreceptor in the absence
extraction buffer (50 mM Tris±HCL [pH 7.5], 150 mM NaCl, 1% Tritonof RET? A cell line expressing various GFRa coreceptors
X-100, 5 mM EDTA, 1 mM NaF, 1 mM Pefabloc, and 1 mg/ml aproti-in the apparent absence of RET can respond to GDNF
nin) for 20 min. Lysates and insoluble material were collected and
with minor c-fos induction (Trupp et al., 1999); these centrifuged for 2 min in a microfuge at 12,000 3 g at 48C. The
authors concluded that GFRas can signal directly, either supernatant (soluble fraction) was removed, and a small amount of
remaining soluble material was removed from the pellet after a sec-independently of RET or through a transmembrane pro-
ond centrifugation (30 s). The pellets were solubilized in 100 ml oftein other than RET (Trupp et al., 1999). However, pri-
buffer containing 50 mM Tris±HCL (pH 8.8), 5 mM EDTA, and 1%mary DRG and ventral midbrain neurons dissociated
SDS. DNA was sheared by passage through a 22G needle twice,from RET-deficient mice do not survive in the presence
and the lysates were then diluted by the addition of 900 ml of extrac-
of even high levels of GDNF (Taraviras et al., 1999). tion buffer. Equal volumes of soluble and SDS-solubilized fractions
Therefore, RET-independent signaling is either insuffi- were resuspended and were prepared for SDS-PAGE and immu-
noblot analysis. FLAG immunoreactivity was detected with an anti-cient for supporting cell survival or is specific to the cell
FLAG mouse monoclonal antibody (M2, Sigma, 1:1000).line in which it was identified. A different possibility for
trans-expressed coreceptors is that they simply serve
Analysis of Membrane Fractions on Flotation Gradientsas binding proteins for GFLs, so that they do not diffuse
A slight modification of the method of BruÈ ckner et al. (1999) wasfar from the site of synthesis, as has been suggested
used. NBL-S cells grown on 6 cm culture dishes were rinsed with
for the p75 low-affinity NGF receptor (Taniuchi et al., PBS and then lysed on ice with 375 ml of precooled TNE buffer (50
1986). mM Tris±HCL [pH 7.4], 150 mM NaCl, and 5 mM EDTA) containing
0.1% Triton X-100, 1 mM Pefabloc, 10 mM NaF, and 10 mg/ml eachIn summary, our findings indicate that binding of GFLs
of leupeptin, aprotinin, and pepstatin (TXNE). Cells were homoge-to cis-expressed GPI-linked GFRa coreceptors and sub-
nized by passing the ice-cold lysates through a 22G needle threesequent interaction with RET induces recruitment of ac-
times. Extracts were adjusted to 35% OptiPrep (Nycomed Pharma,tivated receptor complexes to lipid rafts. RET localiza-
Oslo, Norway) by adding 525 ml of 60% OptiPrep/0.1% Triton X-100,
tion to these rafts promotes intracellular association of placing them in a SW41Ti ultracentrifuge tube (Beckman, Palo Alto,
RET receptor complexes with Src kinases (and probably CA), and overlayering them with 8.75 ml of 30% OptiPrep in TXNE
and 1 ml of TXNE. After centrifugation (4 hr, 200,000 3 g, 48C), sevenother important signaling molecules) that transduce sig-
fractions were collected from the top, TCA precipitated, washed innals to other downstream signaling pathways in vivo,
ether, air dried, and analyzed for RET immunoreactivity as describedwhich in turn critically determine GFL/RET bioactivity.
above. For detection of transferrin receptor (TrfR), a mouse mono-
clonal antibody (1:5000, Zymed Labs, San Francisco, CA) was used.
Experimental Procedures
Ganglioside GM1 was visualized with an HRP-conjugated cholera
toxin B subunit (1:2000, Sigma).
RET/GFRa Complex Formation/Receptor Activation Assays
Reagents, unless otherwise stated, were purchased from Sigma
Analysis of RET, Akt, and MAP Kinase Phosphorylation(St. Louis, MO). Tissue culture reagents were purchased from the
Immunoblot analysis of RET phosphorylation and p42/p44 MAP ki-Washington University Tissue Culture Support Center. Brij 96 was
nase activation was performed as described (Baloh et al., 1998b).purchased from Fluka (Buchs, Germany). Leupeptin, aprotinin, pep-
Prior to immunoprecipitation of RET, an aliquot of lysate was resus-statin, and Pefabloc were purchased from Roche Molecular Bio-
pended in an equal volume of 23 SDS-Laemmli sample buffer forchemicals (Indianapolis, IN).
SDS-PAGE and immunoblot analysis with an anti-phospho-p42/p44For the receptor complex formation assay, Neuro 2a cells were
MAP kinase antibody (T202/Y204) or anti-phospho-Akt (Ser-473)plated at 190,000 cells/well in 6-well plates and transiently trans-
(1:1000, New England Biolabs). Blots were stripped and reprobedfected using Superfect (Qiagen, Santa Clarita, CA) with the indicated
with an antibody against total MAPK to confirm equal protein loadingexpression plasmid for GFRa1±a3 with a FLAG epitope inserted
of samples. Densitometry analysis was performed as describedafter the signal sequence by PCR mutagenesis (CMV-FLAG-GFRa1,
above.CMV-FLAG-GFRa2, or CMV-FLAG-GFRa3) and 1.0 mg pBluescript
(Stratagene, La Jolla, CA) vector as carrier for a total of 2.0 mg DNA/
Neuroblastoma Differentiation Assaywell. Plasmids for rat GFRa1 and human GFRa2 and GFRa3 were
Cells were plated at 70,000 cells/well in a 12-well plate. Cells weregenerated as described previously (Baloh et al., 1997, 1998b; Cree-
transfected 24 hr after plating with Superfect transfection reagentdon et al., 1997). The transmembrane version of GFRa1 (GFRa1-
(Qiagen) with an EGFP expression plasmid (Clontech, Palo Alto,TM) was generated by PCR mutagenesis by fusing the extracellular
CA) alone or cotransfected with EGFP and GFRa1 or GFRa1-TMdomain of wild-type GFRa1 from rat at amino acid 428 to the trans-
plasmids described above. The Superfect-DNA mix was preparedmembrane and cytoplasmic domains of HLA-B44 at amino acid
according to manufacturer's instructions (1.5 mg total DNA) and303 (Hansbrough et al., 1991) with an intervening FLAG epitope
added to the cells for overnight (12±16 hr) incubation at 378C. Cells(N-...GLAGADYKDDDDKGSTVPI...-C). Neuro 2a cells were switched
were rinsed with standard growth medium, passaged at a ratio ofto standard growth medium the morning after transfection and har-
1:2, and grown for 3 days in medium supplemented with 1% FBSvested 36 hr later. Cells were deprived of serum for 3 hr and then
plus GDNF at the concentrations indicated. In experiments withstimulated with 30 ng/ml of the indicated factor (GDNF, NRTN, or
sGFRa1-Fc (R&D Systems), receptor bodies and GDNF were addedARTN) for 15 min. Cells were lysed on ice in cold coimmunoprecipita-
simultaneously to EGFP-transfected cells. The criterion for neuronaltion buffer (50 mM Tris±HCl [pH 7.5], 1% Brij 96, 150 mM NaCl, 1
differentiation was the presence of a neuritic process at least twomM EDTA, 1 mM EGTA, 10 mM NaF, 1 mM Na2VO4, 1 mg/ml leupeptin,
somal diameters in length. Quantification of neurite-bearing cells1 mg/ml aprotinin, and 2 mM Pefabloc) and immunoprecipitated
were scored blinded in designated fields at the end of 3 days inwith an anti-FLAG M2 monoclonal antibody conjugated to agarose
triplicate cultures (n 5 4).(Sigma). RET was visualized by immunoblotting as described (Baloh
et al., 1998a). Densitometry analysis was performed using the
STORM 860 Image Analysis system (Molecular Dynamics, Sun- Immunofluorescence Analysis of GFRa1 and GFRa1-TM
Expression in Cerebellar Granule Cellsnyvale, CA) to allow calculation of means and SEM (n 5 3).
Neuronal cultures of granule cells cotransfected with EGFP, RET,
and either FLAG-tagged GFRa1 or GFRa1-TM were processed forIsolation of Detergent-Resistant Membrane Fractions
A slight modification of the method of Brown and Rose (1992) was immunofluorescence as described previously (Moulder et al., 1999).
Anti-FLAG monoclonal antibody (M2, 1:1000, Sigma) and Cy3-conju-used. All steps were performed in a 48C cold room and on ice.
Briefly, monolayers of neuroblastoma cells (Neuro 2a or NBL-S) gated donkey-anti-mouse secondary antibody (1:400, Jackson)
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